(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) Worid Intellectual Property Organization 
Intemationa] Bureau 

(43) International Publication Date 
4 April 2(K)2 (04.04^002) 




PCT 



iiiniiiHiiiiiiiiii 



(10) International Publication Number 

wo 02/26489 Al 



(51) Intematiooal Patent Classificatioii^: B32B9/04, 
B29C 47/06 

(21) Intemational Application Nnmber: PCT/US01/30Q25 

(22) Intemational Filing Date: 

25 Sq>tember 2(X)1 (25.09.2001) 



(25) Filing Language: 

(26) Publication Language: 



Hnglish 
English 



(30) Priority Data: 

60/235.469 



26 Sq)tember 2000 (26.09:2000) US 



(71) Applicant (for all designated States except US): CLEM- 
SON UNIVERSITY [USmS]; 207 Sikes HaU, aemson, 
SC 29631 (US). 

(72) Inventors; and 

(75) Inventors/Applicants ffbr US only): ZUMBRUNNEN, 



David, A, fUSAJS]; 2560 Scenic Circle. Seneca, SC 29672 
(US). KWON, Ojin [KRAJS]; 209 Heather Drive, Central, 
SC 29630 (US). 

(74) Agents: ROBERTSON, James, M.etal.;J.M.Robatson 
Intellectual Property Services, LLC, 233 South Pine Street, 
Spartanburg, SC 29302 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ. DE, DK, DM, DZ. EC. EE, ES. H, GB, GD, GE, GM, 
GM, HR, HU, ID, IL, IN. K, JP, KE, KG, KP, KR, KZ, LC. 
LK, LR, LS, LT. LU, LV. MA. MD. MG. MK. MN, MW. 
MX, MZ. NO. NZ, PL, FT, RO. RU. SO. SE, SG, SI. SK, 
SL. TJ, TM. TR, TT. TZ. UA. UG, US. UZ, VN. YU, ZA. 
ZW. 

(84) Designated States (regional): ARIPO patent (GH. GM. 
KE. LS. MW, MZ. SD, SL. SZ. TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ. MD. RU, TJ, TM), European 
patent (AT. BE. CH. C Y. DE. DK, ES. FI. FR, GB, GR. IE. 

[Continued on next page] 



(54) Title: CHAOTIC MDONG METHOD AND STRUCTURED MATERIALS FORMED THEREFROM 



18 



— 42 




-20 




13 



.16 



10 



75 




(57) Abstract: A method for the production of a multiple 
phase composite material, wherein the composite material 
includes a major phase component and at least one minor 
phase component The major and minor phase components 
are ananged in a desired predefined morphological struc- 
ture in which the major phase component and the minor 
phase components have predefined size and shape charac- 
teristics. The method involves supplying the major phase 
components to a chaotic mixer (10) in a conlTDlled manner 
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CHAOTIC MIXING METHOD AND STRUCrCRED MATERIALS 
FORMED THEREFROM 



CROSS-REFRRK NCE TO RRTATED APPTJrATinxi 

This application claims the benefit of United States Piovisional 
AppKcation 60/235.469 filed September 26, 2000 in the name of David A. 
Zumbnmnen and Ojin Kwon the contents of which are incorporated by 
refooice herein. 



BACKGROUND OF THP. TXrVENTION 



20 



Viscous fluid(s) (e.g., polymers, plasticizers, colorants, powdeis. 
foods, ete.) are often blended with other viscous fluids and/or additives to obtain 
composite materials having certain desired properties. However, because of 
tiieir extremely high molecular weight, polymers, for example, are intrinsicaUy 
difficult to process. In feet, polymer blending has tiaditionaUy been 
accomplished by forcibly melting and mixing tiie materials togetiier in a batch 
mixer or extruder, such as single-screw or twin-screw exbiideis. 

Unfortunately, v*en blending polymers or other viscous fluids in a 
conventional manner, die morphologies (i.e., die shapes adopted by minor and 
25 major components) of the resulting composite cannot be adequately controlled. 
For example, whai blaiding polymers to form a muWlayered fihn, sudi as 
ftrough coextrusion, it is virtually impossible to obtain a fihn structure tiiat has 
a large number of tiiin I^ers. Some metiiods have been developed, such as 
layer stacking, to obtain muWl^ered fihns witii a relatively large number of 
30 layers. However, sudi m^ods are inflexible, difficult to control, extremely 
complicated, and costiy to utilize. 

In addition to the difficulties currently encountered in fonning 
multilayaed fihns, similar difficulties have also arisen in forming oflio- types of 
structures fix)m a blend of viscous fluids. For example, vibssa forming fibers 
35 fi»m polymers wifliin an extruder, the polymers are simultaneously sheared and 
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melted such diat the morphology of ttie bl^ often typically forms a dispersioii 
of cEropIets. hi order to fonn a fiber structure in one component, for example, 
the sizes of these droplets must be sufiGciently large so that viscous forces acting 
on them can overcome inter&cial tension (i.e., for c^illaiy numbers exceeding 
5 the critical capillary number). To form such laige droplets, the minor phase 
concentration must be hi^ enough to promote coalescence of small droplets 
within the extrude. 

Thus, at lower concentrations, mmor component droplets do not undergo 
sufiScient coalescence before arriving at the die entrance and thus, the small 
10 droplets cannot efiectively fi>rm fibrils. Instead, in such situations, a dispersion 
of fine droplets is eventually obtained. On the other hand, vAiea the 
concentration of the minor phase component is larger, coarser droplets and 
fibrils may eventually form. 

In response to some of these difiSculties, extruder designers have 
IS attempted to provide some control over blend morphology. For instance, 
extruder designers have provided limited processing flexibility by offering 
different screw designs, a range of shear rates, and adjustable operating 
temperatures. However, such design alterations and modifications are time- 
consuming, costly, and offer relatively no ability to selectively control bl^id 
20 morphology. 

In addition, chaotic mixmg has also been utilized to unprove the 
blending of polymers. For example, one method for blending polymers using 
chaotic mixing was described, for example, in two articles ^titled "Emergence 
of Fibrillar Composites Due to Chaotic Mixing of Molten Polymers" by Y JL 
25 Liu and D. A. Zumhrunnen (Polymer Composites, Vol. 1 7, No. 2, April 1 996) 
and "Auto-Processmg of Very Fine-Scale Composite Materials by Chaotic 
Mixing of Melts'* by D.A. Zumhrunnen, ICC. Miles, and Y.H. Liu (Composites, 
Part A, Vol. 27A, No. 1, 1996). 

Moreover, another method, as described in "Chaotic Mixing m 
30 Extrusion-Based Melt Spinning of Fibers" by M. Ellison, D. Zumhrunnen, B. 
Gomillion, and Jiong Wang (National Textile Center Annual Report, 
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http://www.ntcresearchorg, November 1998) was also developed to form fibeis 

utilizing chaotic mixing. In particular, as shown in Figure 1 , a continuous flow 

chaotic mixer 110 includes a fixed outer cylinder 1 12 and two rotating inner 

cylinders 1 14 and 1 16. Two polymers can be provided to tfie mixer by two 

5 conventional exdiiders 1 18 and 120. Within tiie mixer 1 10. the polymers can be 

Molded by rotation of tiie cylinders 1 14 and 1 16. 

Nevodieless, none of tiie above methods have been totally successful in 

fully contifolling polymo- blending to selectively fomi cwlain cohaent 

structures (e.g., multi-layered films, fibras, intrapoietrating blends, droplet 

10 dispersions, and tiie UkB)witii desired charactMistics, such as tiiin-layaed,smaU 
diameter, etc. 

As such, a need currenfly exists for an improved metiiod of blending 
viscous fluids (e.g., polymers) and a mefliod of controlling such blending to 
obtain cotain coherent structures with desired characteristics. 

15 

BRffiF DESCRIPTION QF THE AWTMfiS 

A fill! and ^tabling disclosure of tiie presmt invention, including 

tiie best mode titeaneof to one of ordinaiy skill in tiie art, is set fortii more 

20 particularly in tiie rraaainder of flieq?ecification,includuigreftaBnce to tiie 
accompanying figures in v^ch: 

Fig.l is a schematic view of a prior art continuous flow chaotic miyiy^g 

device; 

Fig. 2 is a schematic diagram of one embodiment of a continuous flow 
25 chaotic HMxing device tfiat can be utilized in acconlancewiAth^ 
invention; 

Figs. 3A-3D are graj^cal illustrations representing the motion of a 
single particle within a melt during diaotic mixing according to one 
embodiment of the present invention; 
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Fig. 4 is a graphical illustration of two polymer melt streams being 
formed into multiple layers within a diaotic mixer and extruded to fomi 
multilayer films according to one embodiment of the present invention; 

Fig. 5 is a gr^hical illustration of the progressive morphology 
5 development of three components mto fihns, interpenetrating blends, fibers, and 
droplets; 

Fig. 6 is an SEM photograph of one embodiment of a multilayered fihn 
formed according to the present invention in whidi the blend was formed fiom 
80% by volume polypropylene and 20% by vohmie ^ylene-propylene-diene- 
10 monomer ternary copolymer (EPDM) and in ^ch a cryogenic fracture sur&ce 
separated the mdividual fihn lay^; 

Figs, 7 A-7B are SEM photographs of various embodiments of 
interpenetrating blends formed according to the present invention, in vMch Fig. 
7A is a dq)iction of a polymer blend formed fiom polystyrene at 35% volume 
1 5 and low density polyethylene at 65% volume and Fig. 7B is a depiction of a 
polymer blend formed fit)m polystyrene at 65% volume and low density 
polyethylene at 35% volume; 

Fig. 8 is an SEM photogr^h of one ^bodiment of an interpenetrating 
blend formed according to the present invention m which flie blend was formed 
20 firom 6.4% by volume low density polyethylene and 93.6% by volume 
polystyrene; 

Fig. 9 is agraphical representation of resistivity (ohms x meters) versus 
content of carbon blade (wL% of a blend containing carbon black and 
polystyrene) for various embodiments of ttie present invention in comparison to 
25 a prior art random mixing; 

Fig. 10 is an SEM photogr^h of one embodiment of a fiber blend 
morphology of the present invention in which tfie blend was formed fiom 
polystyrene at 91% volume and low density polyetltylene at 9% volume; 

Fig. 11 is a gr^hical representation of the relative population of fihn, 
30 fibers, and droplets during chaotic mixing according to one embodiment of the 
present invoition; and 
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Figs. 12a and 12b are grq>hical illustrations representing embodiments 
of batch chaotic mixing devices that can be utilized in the present invention, in 
vAdch Fig. 1 2a is a depiction of a primarily two dimensional batch chaotic 
mixing device and in ^bidbi Fig. 12b is a depiction ofa primarily three 
5 dimensional batch chaotic mixing device. 

Repeat use of reference characters in the preset specification and 
drawings is intended to rq>resent same or analogous features or elements of the 
present invention. 

10 DETAILED DESCRIPTION OF REPRESENTATIVE EMBODIMENTS 
Reference now will be made in detail to various embodiments of tfie 
invention, one or more examples of which are set forth below. Each example is 
provided by way of explanation of the invention, not limitation of the invention. 
In fady it will be q>parent to those skilled in die art that various modifications 

1 5 and variations can be made in the present invration widK)ut departing fiom die 
scope or spirit of the invention. For instance, features illustrated or described as 
part of one embodiment, can be used on another embodiment to yield a still 
fiirth^ ^bodiment Thus, it is intended diat the presmt invention covers such 
modifications and variations. 

20 In gen^td, the present invention is directed to ametiiod of blending a 

noajor phase component ivith one or more minor phase components using 
chaotic mixing. In particular, it has been surprisingly discovered that by 
chaotically mixing two or more components in accordance with die present 
invention, blends having unique morphologies can be progressively and 

25 selectively formed For example, two components can be blended in situ to 
form distributed multilayered film morphologies tiiat may then be used in 
various {^plications or as a pathway for the development of otiier usefiil blend 
morphologies. 

As used herein, the term ^*major phase conqx}nenf refers to the 
30 component of the hkaad having the highest percent composition, while die term 
''minor phase componentCs)** refers to any other components of the hlend. 
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However, it should be understood that a blend foimed in accordance with the 
present invention may also contain components of equal compositions (e.g., 
50%/5()%,25%/25%/25%/25%,etc.). In such instances, the designations used 
herein can be int^hanged as desned so that, for example, the **major phase 
5 componenr can refer to any ofthe materials utilized. 

The major and minor phase components of the present invention may 
genially include any of a variety of materials. For example, in most 
embodiments, at least one of the components includes a viscous fluid, such as a 
thamoplastic polymer, ihermoset polymer, ceramics (e.g., glass), etc. In one 
1 0 embodimoit, for instance, glass can be utilized to encapsulate a material, such 
as a radioactive waste material, hi another embodiment, two polymers can be 
chaotically mixed to form a polymer blend. When utilized, a polymer contained 
within Ae major and/or minor phase conq)onent(s) can generally be any 
polym^ known in the art that is capable of being melted and mixed with 
15 anoflier material. Some examples of polym^ that may be blended in 
accordance with the present invention include, but are not limited to, 
polystyrme (e.g., atactic or isotactic polystyrene); polyethylene (e.g., low 
density polyethylene (LDPE) and high density polyetfiylene (HDPE)); 
polypropylene (e.g., atactic or isotactic polypropyl^e); various copolymers 
20 (e.g., ethylene-propylene-dime monomer ternary copolymer (EPDM), 
poly(ethylene-stat-vinyl acetate), ethylene vinyl-alcohol); and the like. 

Besides a viscous fluid, the major and/or minor phase component(s) may 
also include other materials, sudi as additives, and the Uke. For instance, 
additives can be blended with a polymer to give the resulting structure obtain 
25 functional attributes. In some embodimrats, for example, an electrically 
conductive material, such as carbon black particles, can be blended with a 
polymer to impart conductivity propeities to die resulting blend. Other 
examples of additives tiiat may be blended according to tiie present mvention 
inclxide, but are not limited to, plasticizers, colorants, powders, etc. 
30 As stated, the major and minor phase components can be chaotically 

mixed to form a variety of bl»d morphologies. Chaotic mixing is a mixing 
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process that geneially allows one or more components to progressively develop 
into certain morphologies over a period of time. Moreover, besides allowing 
progressive development, chaotic mixing also allows the components to become 
distributed throu^out a given volume. For exanq)le, referring to Figs. 3 A-3D, 
S tfie transition of a particle fiom periodic motion to chaotic motion is illustrated 
generally. The paths of a single particle are shown after a pair of sur&ce 
motions, vAkii is also known to those skilled iii the art as a ^^first-return tusp.^* 
For example. Fig. 3 A represents the path the particle travels after successive 
rotational displacements of the upper bounded sm£ice 94 and the lower 

10 bounded sur&ce 96, M^iile Fig. 3D rq>resents the path the particle travels after 
four pair of rotation displacements that are larger in value flian the first set of 
rotational displacements. 

As ^own, the particle follows a distorted ^gure-eight" pafli in the 
upper left panel fyt vMcb the sur&ce rotation displacem^ts are small. 

1 5 However, as the rotational displacements become large, the paAx degenerates 
and becomes diaotic. In chaotic mixing, an initial componwt, such as a melted 
resin pellet, contains a large number of fluid elements that may undergo ttidr 
own chaotic motiorL The ensemble of these motions can cause recursive 
stretching and folding in the nmu>rcomportent body. An illustration of the 

20 process ofrecursive stretching aiid folding is further depicted in Fig. 4. Dueto 
such repeated stretdung and folding, striations can emerge. For example, as 
shown, repeated stretching and folding can allow a coarse discrete phase of a 
minor phase component to form a composite structure having multiple striations 
of the minor and m^or phase compon^its. 

25 In g^ieral, any of a variety of chaotic mixers can be utilized to blend the 

components in accordance with the present invention. In particular, batch, 
semi-batch, and continuous flow chaotic mixers nmy all be suitable for use in 
the present invention. These mixers can include one or more movable surfaces 
diat can induce chaotic mixing. Moreover, the diaotic mixers may be designed 

30 to achieve primarily two-<limensional chaotic mixing (i.e., mixing in primarily 
two planes) or primarily three-dimensional chaotic mixing (i.e., mixing in 
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primarily three planes). For example, primarily thiiee-dimensional 
mixing can be induced by instilling a periodic motion in a fluid contained within 
acavity. The poiodic motion can be actuated by moving an iqjper boundmg 
surfece of a batch mixa-, for example, for a predetranined time period and then 
5 moving a lower bounding surfece of the hatdi mixer for a predetennined time 
period. In some instances»priniarily two-dimensional chaotic mixing, on ttie 
other hand, can be actuated by rotating one or more lods within the mixer. 

To adiieve a polymer blend having specific characteristics, some types 
of chaotic mixers may sometimes be more desirable than other types. For 
1 0 example, in certain instances, it may be more desirable to promote fiber shapes 
in minor phase components by utilizing primarily three-dimensional chaotic 
mixing. However, it may be more desirable to form other structures, such as 
multilayered films and interpenetrating blends, using a continuous flow process 
that achieves primarify two-dimensional diaoticmfadng. It should be 
1 5 understood, however, that no particular diaotic mixing process is rcquired to 
form a polymer blend having a certain characteristic. For example, besides 
batch processes, continuous flow and s^-batch processes may also be used to 
form fibers in accordance with the present invention. 

In this regard, one embodiment of adbaotic mixer tiiat can be used in 
20 accordance with the present invention wiU now be described in more detaO. In 
particular, referring to Fig. 2, one embodiment of a continuous flow chaotic 
mixo: generally 10 that can be used in the present invention is illustrated. It 
should be understood that although only one chaotic mixer is illustrated and 
described herein, multiple chaotic nuxers may be utilized in tiie present 
25 invention. For example, one chaotic mixo: can be initially utilized to induce 
relatively hi^ shear mixing in a blend. From this high shear mixer, the 
resulting blend can then be dispensed into a second diaotic nuxer that induces 
relatively low shear mixmg. As a result, the blend morphology can be at least 
partially controlled by selectii^ the number and type of chaotic mixers utilized. 
30 Referring again to Fig. 2, one continuous flow diaotic mixer 10 is shown 

that includes a fixed uter cylinder 12, an iimer cylinder 13, and two rotating 
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stirring rods 14 and 16. PeUets of a first polymer (minor phase component), 
such as EPDM, are siq>plied to a hopper 28 that distributes the first polymer to a 
conventional esctruder 1 8 for melting. Similariy , pellets of a second polymer 
(m^or phase conqx>nent), such as isotactic polypnopylene, are siq)plied to a 
5 hopper 32 that distributes the second polymer to a conventional extruder 20 for 
melting. In some instances, fte polymers may also be initially blended widiin 
one ofthe extruders before being siq>plied to the mixer lOforfurdier 
structuring. Moreover, if dedred, other polymers or materials may also be 
added to die mixer 10 as well. Metering pumps (not shown) may then transfer 

10 the polymer melts to the chaotic mixer 10 fiom their respective extruders. 

As shown, ^ first polymer melt can be siq>plied to the mixer 1 0 via an 
inlet 38, while the second polymer melt can be supplied to the mixer 10 via 
inlets42&44. In some instances, one or more of the polymer melts may be 
suppUedtodienux^viaaspinheadof abicomponentspiimingrnachine. In the 

IS embodiment depicted and described herein, die components are suiq>lied to the 
mixer 10 at a continuous flow rate. Ho we ver, it should also be understood that 
a continuous flow chaotic mbcing process also includes embodiments in ^cb 
some components may be intermittently injected into d)e mixer 10 during 
mixing, even though the components are not continuously siqpplied. 

20 Once the polymer melts are fed into the outer cylinder 12 oftl^ mixer 

1 0, chaotic mixing can begin by die periodic rotation of the stuiing rods 14 and 
16. In one embodiment, for example, die stirriiig rod 14 can be rotated 
^proximately 1440 degrees in die clockwise direction at a speed of about 4 
revolutions per minute (rpm) and tfara stopped. Thereafter, the stining rod 16 

25 can be rotated ^)[m>ximately 1 440 decrees in the clodcwise direction at a speed 
of about 4 rpm and then stopped This periodic rotation ofthe stirring rods can 
be repested as desired to vary the extent of chaotic mixing. 

Besides the features discussed above, it should be understood that the 
mixer 1 0 can include virtually my feature that would enable diaotic mixing of 

30 the components. For instance, in some embodiments, only one rotating rod may 
be utilized. In feet, it should be understood that the scope of the present 
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invention is not limited to any particular mechanical feature or aspect of the 
mixing ^pamtus. 

In accordance with &e present invention, various aspects of the chaotic 
mixing process and ravironment can be selectively controlled to obtain a 
S particular blend morphology. For instance, in some mbodiments, the type of 
mixing (e.g., primarily two-dimensional or three-dimendonal), the type of mixer 
(e.g., continuous flow, sfflii-batch, or batch), tfie number of mixers (as 
described above), tfie melt flow rale of the components, and other chaotic 
mixing parameters, can all be varied to obtain a morphology having certain 
10 attributes. 

Referring again to Fig. 2, for example, one method of controlling certain 
aspects of the chaotic mixing process to obtain materials with desired 
characteristics is illustrated. As shown, the stirring rods 14 and 16 can be 
rotated by correspondh^ motors 64 and 66 (e.g., servo motors). The motors 64 

IS and 66 can also be placed in communication with a controller 70 that is cq)able 
of receiving input fiom a programme and sending and/or receiving signab from 
the chaotic mixer 10 or sensors monitoring extrudates or otiier resulting 
products. In this embodimoit, a progranmier can enter certain chaotic mixing 
parameters into the controller 70. For example, a programmer can »ter the 

20 desired number of rotations for each stirring rod, the ai^e through which each 
stirring rod mil be rotated, the speed at >^ch each stirring rod will be rotated, 
the direction ofrotation for each stirring rod, etc. Moreover, in some 
embodim^ts, other chaotic mixing parameters can also be varied, such as the 
radius of the outer cylind^, the radius of eidier stirring rod, ttie length of the 

25 mixing cavity, etc. 

Although the chaotic mixing parameters mentioned above generaUy 
relate to a continuous flow dhaotic mixer, batch and semi-batch chaotic mixers 
can be controlled in an analogous manner. For instance, in abatch mixer, the 
upper and lower bounded sur&ces can be controlled in a similar mann^ to the 

30 metfiod in which stirring rods of a continuous flow chaotic mix^ are controlled. 
For example, the desired number of rotations for each bounded surfiEice, the 
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angle through whidi each bounded smbce will be rotated, the speed at vAnch 
each bounded sur&ce will be rotated, the direction of rotation for eadi bounded 
sur&ce, etc., can all be controlled. 

Moreover, in some instances, various other parameta:s of the process 
5 may also be selectively controlled. For example, as shown in Fig. 2, the melt 
flow rate of the component fiom the first extruder 1 8 and/or the melt flow rate 
ofthe component fiom the second extruder 20 cim be controUed as de^^ As 
stated above, however, the components siq)plied to tfie mixer 10 need not be 
siq>plied at a continuous flow rate, but can also be siqiplied intermittently during 
10 the mixing process. 

Incontrast to conventional extruders in which melt flow rate and the 
degree of mixing are integrally related because polymer flow and mbdng are 
both driven by soiew rotation, the process of the present invention can provide 
independent control ovar bofli the melt flow rate and the degree of mbdng. As a 
1 S result of such independent control, one parameter can be selectively varied 
without significantiy influencing the oth^ parameter. For example, an 
extrudate (e.g., film, fiber, etc.) can be continuously monitored such tiiat if a 
change in morphology is required, the degree of mbdng can be altered (e.g., 
chaotic mixing paramet^) without adjusting the melt flow rate. 
20 In some embodiments, the tKiq)erature of one or more components 

entering or ^tingtiie mixer can also be controlled. For exanq)le, in one 
embodiment, the temperature of one or more components entering or exiting tfie 
mixer 10 can be sensed by sensors 34 and 36, respectively. The sensors can 
relay the temperati]re(s) to one or more controllers, sudi as controllers 74 or 75, 
25 vAdch if required, can send a signal to activate heaters 77 or 79, respectively. 

In addition to tiie parameters mentioned above, tiie nature of die viscous 
fluids selected can also be varied to achieve a certain morphology. For 
example, if desired, the composition, viscosity, the numb^ of components, ete., 
can all be selected to achieve a desired result In pmticular, depending on the 
30 desired attributes of the resulthig blend, as described in more detail below, the 
components used in the present invention can be selected to have either a low or 
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high inter&cial tension. As used herein, the phrase ^ter&cial tex^ 
generaUy refers to the forces that arise between two or more fluids, sach as 
polymer mehs of difT^ent ^pes, at the locations where they contact each other. 
Inter&cial tension generally depends on the molecular properties of the fluids. 
S For uistance, two polymers that share a common molecular unit along their 
molecular chains typically have a relatively low inter&cial tension. For 
example, two idratical polym^ of polyethylaie have a relatively low 
int^^ial tension (i.e., ^proximately zero interfacial tension). Moreover, the 
inter&cial tension betwera two different types of polyethylene (e.g., low density 
1 0 polyethylene and high density polyethylene), for examqple, is also relatively low. 
In addition, various types of chemical additives can be combmed with two or 
more components that typicaUy have a relatively high hiterfacial tension such 
that the resulting blend has a relatively low int^r&cial tension. For example, in 
one embodiment, a styrene-ethylene-butylene-styrene copolymer (S-EB-S) can 

15 be added to reduce the inter&cial tension between two or more polymers. 

Ftnther, various controU^ and sensors may also be utilized to detect the 
structural development ofa particular bl^d during chaotic rnixing. In this 
maimer, a blend having precise properties can be obtained. For instance, when 
forming an interpenetratmg blend wifli electrically conductive properties, as 

20 desmbed in more detail below, it may be desired to achieve a precise resistivity 
value. Thus, in accordance with die present invmtion, the structure and 
resistivity of the bl^ can be monitored during blend formation so that mixing 
is discontinued when the desired properties are achieved 

Moreover, mixing can, in some instances, be 'Idnematically reversed"* if 

25 too much ntdxiiig has occurred before break up of the blend morphology. In one 
particular example, this kinematic reversibility characteristic can allow blends to 
be fonned into stnictures having precise diaracteristics. For instance, in one 
embodiment, a polymer can be blended witii carbon black particles to form an 
electrically conductive structure. If the resistivity of the electrically conductive 

30 blend drops to an undesired level due to over-mixing, the mixing parameters 
(e.g., duection of stirring rods) can simply be reversed such that the blend 
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becomes pardaUy^^ixmiixed*' until a desired le^ The 
layer thicknesses of die films can be similarly adjusted. In this mani^, a 
blending process can be selectively controlled in accordance with the present 
invention to achieve a blend having precise properties. 
S In addition to the above-mentioned parameters, it should be understood 

that other parameters may also be varied to achieve a particular blend 
morphology. In fiu:t, the parameters mentioned above are merely examples of 
aspects of the chaotic mixing p]t)cess that may be varied to selectively f^ 
morphology. The present invention is not limited to any particular control 
1 0 aspect for selectively forming a blend during its progressive development under 
chaotic mixing. 

As stated above, a blend can be allowed to progressively develop into a 
certain morphology by controlling certain aq>ects of ttie chaotic mixing process. 
For example, as shown in Fig. 5, fliree coiiqx)nents can be progressively 

IS developed into films, interpenetratmg blends, fibers, droplets, etc. In this 

regard, various exanq)les of morphologies that can be developed in accordance 
with the preset invention will now be described in more detail. It should be 
understood, however, that oth^ morphologies not specifically mentioned herein 
are also contenq>lated to be within the scope of the preset inventioa 

20 During chaotic mixing, molten components are initially stretched and 

folded into sheets, with smaller bodies alternately being converted into 
filaments. Because such sheet formation typically occurs simultaneously in die 
components, each region of the blend is characterized by alternating layers of 
components. Thus, upon fiirther stretching and folding, a multilayer film 

25 morphology can be formed that becomes distributed in flie cavity volume. In 
some embodiments, the muMlayered film can be passed fiom the mixer 10 
through a die 80. By passing the fihn through a die 80, a more uniform 
multilayered film structure can form. For example, because the multilayer films 
formed iq>stream of the die 80 can be physically extensive, passage through the 

30 die 80 can yield uniform extrusions with film layers or morphologies diat are 
physically extensive at the reduced size scale of the extrudate. Additionally, 
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can sometimes form wifhin the diaotic mixer at certain locations of Ae 
film due to incomplete mixing. By passing the film through a die 80, such g^s 
are compacted and minimized to result in a relatively uniform multilayered film 
structure. 

S In general, a multilayered film formed in accordance with the preset 

invention can have a variety of different characteristics, depending on die extent 
and ^pe of chaotic mixing utilized. For example, tte resulting multilayered 
films can have any number of layers and any desired layer thickness, depending 
on the polymer characteristics (e.g., intei&cial tension, viscosity, etc.). In fact, 
10 as described above, various diaotic mixing parameters can be selectively 
controlled to achieve multilayered films having various traits. 

Although the multilay^ed films may be formed to have various 
diaracteristics, it has been discovered that certain novel and unique multilayered 
film microstructures can be formed utilizirig chaotic mixmg m accon 
IS die present invention. For example, the lay^ofthe multilayered fihn can be 
remarkably thin (i.e., ''nanoscale'^, such as less than about 200 nanometers, 
particularly less than about 100 nanometers, and more particulariy less than 
about SO nanometers. Such nanoscale thicknesses may be achieved in a variety 
of ways according to die present invention. 
20 In some embodiments, two or more components can be chaotically 

inixed to form filiiis widi remarkably thin layers. For example, compon^its 
having colain inherit characteristics can be selected to &cilitate die formation 
of films with thin layers. For instance, conqionents having a relatively low 
inter&cial tension, such as less than about 1 0 miUiNewtons per meter (niN/m), 
2S in some embodiments less than about 4 mNAn, in some ^bodiments less than 
about 2 mN/m, and in some embodiments, less than about 1 miN/mcanbe 
utilized to form thin l^ers. For instance, bl»ds sudi as ethylene^propylene- 
diene monomer ternary co-polymer & isotactic polypropylene, or other blends 
of a certain polymer and a copolymer thereof, can have relatively low inter&cial 
30 tensions and can, in some embodiments, be utilized to form multilayered films 
with remarkably thin layers. 
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Moreover, components having a catain viscosity ratio (i. viscosity of 
minor phase componCTt(s) divided by the viscosity of Ae major phase 
component(s)) can also be utilized to facilitate the formation of thin fihns. For 
example, components having a higher viscosity ratios are less likely to break up 
5 duringmixmg. Thus, typically, to fomi mdtilayered film having thin layers, 
viscosity ratios of greater than about 3, and in some embodiments, between 
about 3 to about 15, are utilized. However, it should be understood tiiat lower 
viscosity ratios may be utilized as well. In particular, lower viscosity ratios can 
be utilized in conjunction with components having lower mteri&cial tension 
10 values. For example, viscosity ratios ofabout 0.5 may be utilized, in some 
instances, for conqx>nents having int^&cial t^on values less than about 2 
mN/m. 

As a result of the particular selection of interfadal tension and/or 
viscosity ratio, die components may be cqiable of enduring relatively extensive 
1 5 stretdiing and folding during the chaotic mixing process without breaking apsat 
into other structural forms. Thus, in some embodiments, die degree of mixing 
can also be increased to further the development of thin layers^ Forexample,m 
one embodiment, die mixing period (i.e., where one period is equal to one set of 
stirring motions) can be greater than 5, and in some embodiments, b^ween 
20 about 5 to about 15, to adiieve fihns having thin layers. Itshouldbe 
understood, however, that lower numbers of mixing periods may also be 
utilized. Moreover, to mcrease the tfiickness of die l^ers, a smaller number of 
mixing periods may be utilized. 

In addition, the overall shear rate of mixing can be adjusted to help 
25 provide diin layers. For example, die shear rate provided by the mixing process 
can be less dian about 20 second'', and in some embodiments, less than about 
10 second"'. It should be understood, however, that higher shear rates may be 
utilized for conqx>nents having hi^er viscosity ratios. 

As shown in Fig. 6, for example, one embodiment of a multilayered film 
30 haviiig layer thicknesses less than about 200 nanometers is illustrated. In the 
depicted embodiment, EPDM (20% by volume) was blended with 
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polypiqpylene (80% by volume) at a temperature of 235**C and shear rate of 
below about 1 0/s. The polymers had a visco^ty ratio (EPDM/PP) at the 
processmg temperature of about 1 1 , as determined by a cone-and-plate 
rbeometer. 

5 It should also be understood that, under certain mixmg environments or 

with additional processing, components having a relatively high inter&cial 
tension can also be utilized to form films. In some instances, the thicknesses of 
the film layers formed fit>m components having a relatively hi^ inter&cial 
t^ision m^ be relatively greater than the thicknesses of die film layers formed 

10 from components having a relatively low inter&cial tension. Ho wever, in some 
circumstances, components having a relatively high inter&cial tension may 
nevertheless be formed into films having layers of thin thicknesses. For 
instance, blend morphologies developed fiom polymers having a relatively high 
interfiidal t^ision may be fiurtiier extruded to achieve layers having a smaller 

IS thickness. 

In addition to having remarkably Ihin layer ^cknesses, multilayered 
films formed according to the preset invention can also be formed to possess 
other unique and novel attributes. For instance, in some embodiments, the films 
can be formed to have a substantial amount of layers in contrast to prior films. 

20 Jn particular, most conventional films produced by extrusion or co-extrusion 
processes contain six (6) or fewer layers. 

In contrast, it has been unexpectedly discovered that distributed 
multilayered fifans formed according to the present invention can be formed to 
have a greater number of layers Aan conventional processes. For instance, 

25 multilayoned films can be formed to have greats ttian about lOlaymandmore 
particularly greater than about 100 layers. In some instances, tfie multilayered 
films can also be formed to have greater than about 1,000 layers, in some 
embodiments greater tiian about 4,000 layers, in some embodiments greater than 
about 5,000 layers, and in some embodiments, greater than about 10,000 layers 

30 without breaking iq[>art. For example, in one embodiment, a relatively stable 
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multOayeied film can contain between about 4,500 layers to about 12,000 
layers. . 

Due to the chaotic mixing process of the present invention, multiple 
layers can fonn within a blend without requiring arduous processing steps, such 
5 as mechanical folding and refolding. AdditionaUy, even if a layer breaks apart, 
the componfflt of the layer can be simply swq)t back into the blend by the 
forces oftte chaotic mixing process to form additional fihn layers. 'nius,a 
greater robustness can result in the present invention as compared to the layer 
degradation often associated with conventional fihn forming techniques, such as 
1 0 layer stacking techniques. 

Besides the above attributes, a multilayered fihn formed according to 
the present invention can also have other um'que properties. For instance, in 
some embodunents, as stated above, the blend layers can be formed to have 
relatively small thicknesses. Due to such small thicknesses, the lay^ are more 
15 flexible and less likely to delaminate upon formation of the multUayered fihn. 
As such, in contrast to conventional multilayered fihns, it is believed diat a 
multilayered fihn foraied according to the present invention may not require the 
use of any adhesive layers (i.e., "glue layers") to adhere one layer to another 
layer to mhibit delamination. However, it should be understood that various 

adhesives, as are weU known in the art. rnay be utilized, if desired, to fiirt^ 
enhance the adherence of the layers. 

Moreover, due to tbe remarkably small thicknesses that are formed in 

situ m accordance with the present mvention, additives can more readily migrate 

and self-assemble onto the interfeces of the fihn layers. Thus, for example, 

2 5 certain additives can be utilized to reside on the interfeces of the film layers in 
order to alter the properties of tfie overall fihn structure. 

hi addition, the remarkably small fihn morphologies formed according 
to the present uivffition can also be formed to possess other unique and novel 
attributes. For instance, in some embodiments, \viien compon^its are i^rtially 

30 or completely immiscible, a melt with an initially disoriented molecular 
configuration may become transformed mto an oriented configuration as 



20 
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components become confined within fine-scale films. The molecules are forced 

to become aUgned Mdthin the thin layere because the layeis themselves are not 
much thicker than the molecules, hi some instances, this orientation can 

enhance the degree ofaystallmity and crystalline morphology. Suchenhanced 
5 ciystallinitycanprovideanumberofbenefitstotheresdtingmorpto^ For 
example, in barrier structures, crystalline regions are responsible for impeding 
diffusion of certain materials. Thus, an increased number of more physicaUy 

expansive crystalline regions can provide enhanced bairier capabilities. 
Moreover, the crystalline regions of a structure can also alter the optical 
1 0 properties of the structure. 

Furthermore, m some mstances, the multilayeied fihn morphologies can 
be formed such that the layers are relatively long and continuous. For example, 
when utilizmg a contmuous flow chaotic mixer, the blend layers can form such 
that thqr span substantially the entire diameter of the mixer during mixing. As 
15 such, the ressuWngfihns arc relatively continuous and have a Iraigtii equal to or 
greater than the diameter ofihe mixer utilized. Thus, even when such long 
fihns fiagmoQt into platdets or fibers, as desoibed in mote detail below, die 
fiagmented pieces can also be relatively long to provide certain beneficial 
properties to the resuhing structure, such as remfonxanent materials, permeation 
20 barrios, etc. 

Multilayered films of the present invention can be usefiil in a wide 
variety of plications. For instance, fte fihns can be utilized as a li^- 
interactive media (eg., fihns for liquid atystal di^l^ (LCDs) of con4>utm), 
an acoustic dampoungmataial, a food packagmg material, a barrier material 

25 (eg., mirarobialbaniets, etc.), a filtration matwial, as well many other 
application that such films may prove useful. 

One particular use of films formed according to the pieseait invoition 
m^ be as porous films. For instance, porous fihns are commonly formed by 
subjectmg an unstretdhed fihn to heat treatment, stretching die fihn at one or 

30 naoretempoatures to generate pores and fi)rm a porous body, and again 
subjecting Ae fihn to heat treatment to tixermally fix ttie pores thus formed. 
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Examples of some me&ods of producing a porous film by stretching a film and 
forming pores in the film is described in, for example, U.S. Pat. Nos. 3,426,754; 
3,558,764; 3,679,538; 3,801,404; 3,801,692; 3,843,761; 4,138,459; 4,257,997; 
4,833,172; and 5,173,235, which are incorporated herein in their entirety by 
5 reference thereto for all purposes. 

These porous fibns may be useful m a number of applications, such as 
for filtration media, microbial baniers, dialysis devices, and the 1&^ In 
addition, in some embodiments, as described above, the multilayered fihns of 
the present invention can be formed to have a large abundance of layers, such as 
10 greater than 4,000 layers, and/or to have layers with nanoscale Aicknesses. 
When formed with such a large numbers of layers, the functional ability of a 
porous fihn formed therewith can be greatly inq)roved. For instance, a porous 
fihn having 1 0,000 layers can be a much more effective filtration medium tihan a 
porous fihn having a lesser numbarofl^ers, such as only 3 l^CTs. Moreover, a 
15 film that contains layers having a nanoscale thickness can generally be formed 
with pores ftat are nanoscale in diameter. As a result, a porous fihn formed 
therewith can become a more effective matmal in various q>plications, such as 
a medium for the separation of gases or for the filtration of microbes (e.g., 
viruses, bacteria, fungi, and the Uke). 
20 As described above, two or more components may thus be chaotically 

mixed to obtain a multilayered film morphology. Moreover, in accordance with 
the present invention, this multilayered fihn morphology can also be allowed to 
progress into other morphologies, such single-phase continuous films, 
interpraetratmg blends, platelets, fibers, droplet dispeisions, and the like. For 
25 example, a multil^ered fihn having thin layers can be utilized as a precursor to 
other morphologies, such as interpenetrating blends havmg certain novel and 
unique traits. 

For exanq)le, in one embodiment, a multilayered film morphology may 
be selectively allowed to progress until holes begin to form withm the fihn 
30 layers ofoneofthecony>onents to form a smgle-phase continuous blend. The 
holes wittiin one lay^ can all w tiie components within adjacent layers to 
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migrate thmiigh the holes and to become continuous, hi particular, the degree 
of mixing (e.g.» shear rate, mixing period, etc.) can be increased to induce the 
formation of such holes. Single-phase continuous fifans can have a variety of 
benefits. For example^ in some instances, electrical conductois can be foimed 
5 ^en the single phase continuity is in the conducting phase. Moreover, the film 
layers can also become better attached to each other to reduce delammation. 

In addition, in one embodimmt, a multilayered film mor|diology may 
also be selectively allowed to progress into an interpenetrating blend. The term 
"interpenetrating bl^id^ generally refers to a blend of two or more components 

1 0 herein at least two of the components are distributed in a manner such that 
they are continuous throi^jiout tfie ^tire structure (e.g., co-continuous phases). 
For instance, in one embodiment, a multilayered film morfbology may be 
selectively allowed to progress until holes begm to form within the fibn layers 
of two or more of the components to form a co-continuoiis blend. In particular, 

IS the degree of mixing (e.g., shear rate, mixing period, etc.) can be increased to 
induce the formation of such holes. 

For example, v/bm forming an interpenetrating blend, a component of 
one lay^ can pass tixrough holes formed in the layers, as described above, such 
that the component becomes continuous tfuroughout the entire structure. 

20 Moreover, ^en the two conq>onents are immiscible and the inter&dal tension 
is relatively low, sudi a blend can generally be maintained as a cohere 
structure. 

In the past, intarpenetrating blends formed using conventional ^ctruder 
technology could generaUy be formed at certain minor phase coiiq)ositions and 
25 forcertain types of polymers. In particular, co-continuous morphologies were 
tixought to generally be governed by the following equation (1): 

liiife »1 

30 (1) 
wherein. 
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Va is the volume of a phase component "a**, V b is the volume of a phase 
component "V*; and 

Pa is the viscosity of the phase component "a**, m, is the viscosity of the 
phase compon^t "b**. 
5 Thus, it was beKeved Aat a co-continuous morphology 

could not be formed at lower minor phase compositions or for certain types of 
polym^. For exan^le, a polymer blend that contained polystyrene as the 
minor phase component and low density polyethylene as Ae major phase 
con4)onent can have a viscosity ratio of approximately 10 G e-» W»s/mjrapE » 10). 
10 As a result, it was believed that polystyrene and low d^ty polyethylene could 
not be readily blended to form an interpenetrating blend because such a blend 
would not comply with equation (1). 

In accordance with flie present invention, however, it has been 
discovered that interpenetrating blends (Le., co-continuous morphologies) can 
15 be fomied without significant regard to the composition of the minor phase 
component la particular, by selectively controlling various aspects of the 
chaotic mixing process, as described above, a multilaycred fihn morphology can 
be allowed to progressively develop to form various types of interpenetratii^ 
bloids. 

20 For instance, refraing to Figs. 7A-7B and 8, mterpenetiating blend 

moifdiologies formed by chaotic mixii^ in accordance wiA the present 
invention are illustrated. Fig. 7A is a depiction of a polymer blend formed fit)m 
polystyrene at 35% by volume and low drasity polyethyleaie at 65% by volume, 
vMc Fig. 7B is a depiction of a polymer blend formed &om polystyrrae at 65% 

25 by volume and low density polyethylene at 35% by volume. Fig. 8 is a 

depiction of a polymer blend formed &om polystyrene at 6.4% by volume and 
low density polyetlvlene at 93.6% by volume. ConventionaUy, it was thougjht 
that sudi hlmis could not re^y form mterpenetrating blends. 

In the embodiments depicted in Figs. 7A-7B, primarily threes 

30 dimensional chaotic mixing was used to induce the components of the polymer 
melts to stretch and fold recursively about one another. However, it should be 
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understood that primarily two-dimensional chaotic mixing, such as the 
embodiment dq)icted in Fig. 8» may also be used. In &ct» in many instances, it 
is believed that, in some Instances, two-dimensional chaotic mixing may be 
more desirable to form certain interpenetrating blends. 
5 Regardless of the Qrpe of mbdng, the components are typically stretched 

very quiddy into sheets once mixing begins. Moreover, because sheet 
formation occurs simultaneously in both components, regions of die bl^d are 
generally charactmzed by ahemating film layers of eacdi component Upon 
further stretdiing and folding, small holes begm to form within the alternating 

10 layers oftl^ film, sudi as described above. As a result, a minor phase polymer, 
for example, wifliin a first layer can rater through a hole in an adjacent second 
layer such fliat the minor phase polymer becomes continuous with the minor 
phase polymer ofadmdlaya: located adjacent to the second layer, niisprocess 
can be allowed to continue until one or more of flie components become 

15 continuous throu^out the entire blend, sudi as shown in Figs. 7A-7B and 8. In 
some embodiments, after forming such interpenetrating blends, they can be 
retained as cohermt structures by solidifying the melt after an q)propriate 
el^)sed time or by extrusion. 

For exanq>le, as described above, con^nents can be initially mixed at a 

20 certain shear rate for a certain nuxing period to form fihns. The films can have 
various diaracteristics, sudi as thin lay^ etc. Regardless of the type of film 
formed, mixing can be further continued to &cilitate the formation of 
interpenetrating blends. For example, in some embodiments, the mixing period 
and/or shear rate can be increased to encourage film break iq>. Moreover, the 

25 shear rate can be increased by controlling various chaotic mixing paramet^ 
such as described above, or by altering the type of mbdng using additional 
mixers (e.g., primarily three dimensional mixers). 

In some embodiments, an additive can also be blended with two or more 
polymers to form an interpenetrating blend with a particular characteristic. For 

30 example, if desired, an electrically conductive additive, such as carbon black 



wo 02/26489 



PCTAJSOl/30025 



23 

particles, can be chaotically mixed with polymers to form an mterpenetrating 
blend structure that is electrically conductive. 

Conventionally, a plastic was rendered electrically conductive by raising 
the additive ooncratration to a percolation threshold such tihat local networks 
5 formed through the random associations among particles, tiiereby decreasing 
resistivity. In contrast, extended interconnected networks can form at reduced 
additive compositions according to Ate present invention. 

Moreover, in accordaiice with the present invention, chaotic mixing of 
the electrically conductive blend can be continued to alter the properties of the 

10 blend hi particular, as rnixiiig coiitinues, the resistance after percolati^^ 

measure ofelectrical conductivity) reniains relatively constant However, once 
mixing is continued for a certain period of time, flie resistivity of the blend 
abruptly mo^ases due to break up of the conductmgnetworic At this point, the 
blend is agam converted into a material tihat acts as an ii^ator. Tfaus,by 

IS appropriately controlling the d^ree of chaotic mixing in accordance with the 
preset inv^tion, blend morphologies can be selected to have various d^rees 
ofelectrical conductivity. Moreover, due to the srasitivity of resistance in 
relation to the degree of chaotic nuxing, various structures, such as high-gain 
scDSOTS, can be developed from mat^ials that have been diaoticaUy mixed to 

20 tihe point tfiat the resistance begins to abruptly increase, as described above. 

In other embodiments, die electrically conductive additive can also be 
blended with a viscous fluid to form mnMlayered fibn extrusions with 
directioiml properties. For example, the layers of die fihn can be formed by 
alternating layers of an electrically conductive material (e.g., carbon blade or an 

25 mherently conductive plastic material) and a dielectric material (e.g., a plastic or 
ceramic). Due to such a layered structure, electrical currents can readily flow in 
a direction parallel to the longitudinal layer planes. However, electric currOTts 
typically caimot flow in a direction perpendicular to die layers due to the 
presmce of the dielectric layers, Furfliermore, these layers can also be further 

30 developed using chaotic mixing to form an inteipenetratiiig blend that allows 
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the flow of electrical currents in all directions {i,e., isotropic electrical 
properties). 

In addition to the morphologies described above, oihsr morphologies 
may be selectively formed in accordance with the present invention For 
S example, in some embodiments, the multilayered films m^ be allowed to 

partially fragment to form platelets. Platelets are film pieces that are formed by 
the firagmoitation of films. For example, increasing the degree of mixing (e.g., 
increasing the speed, angle of rotation, or tiie number of rotations of tte stirring 
rods, or duration of tite mixing process), platelets can sometimes be formed 
10 fix>m interpenetrating blends or films. In some embodiments, ^dien a 
multilayered film is formed with a substantial amount of layers, such as 
described above, a substantial amount of platelets may result Such a large 
numb^ of platelets or fragments can fiirther enhance tiie desired properties of 
the platelet blend. 

15 Platelets can provide certain desired properties, such as barrier 

properties, optical properties, filtration properties, and tiie like. For example, 
v/hm platelets form fipom a multilayered film, varioiis tortuous pathways (i.e., 
pathways having complex shapes) can develop between the platelet pieces. As 
such, the tortuous patiiv^s formed by these platelets can improve tiie barrier 

20 properties ofthefihn by inhibiting diffusion. SpecificaUy, tiie diffusion of 
molecules can be inhibited because tiie molecules are forced to make multiple 
turns as they move throug|i tiie blend. 

In addition, other morphologies may be selectively formed in accordance 
with tiie present invention. For instance, in some ^bodimrats, tiie components 

25 can be allowed to chaotically mix for a certain period of time such that at least 
one of the components begins to form fibers withm the mixing chamber. 
Similar to tiie embodiments mentioned above, various aspects of tiie mixing 
process can be controlled to &cilitate tiie developmrat of a fiber morphology. 
For instance, in some embodiments, a multil^ered film is first formed 

30 using priniarily two- or tiiree-dimOTsional chaotic mixing. To form a fiber 
morphology within a mixer, chaotic mixing is continued until holes begin to 
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develop witfiin the film, as described above. As mixing continues, the holes can 
begin to increase in size until a mesh is formed that can be regarded as an 
interconnected fibrous network. Moreover, the fiber abundance can increase as 
the sheets are converted to thinner films. Various parameters, sudi as the 
5 mixing period, shear rate, etc. , can be increased to cause film break up and 
fecilitate die formation of fibers. In this manner, the abundance of long fibors 
can be promoted 

In some embodiments, fib^ morphologies can be formed in other ways. 
For example, in some instances, one or more ridges can be formed into the 

10 structure ofsome types of fihn morphologies. The ridges are typically parallel 
toeadi other. As the ric^ form, the troughs oftibie ridges continuously deepen 
until a certain dq>th is attained. At this depth, the film portions along these 
ridges begin to fi:agment and directly form fibers. 

In odier embodiments, a fiber moridK>l(^ can be formed relatively soon 

15 after chaotic mixing begins. For exanq)le,i^en utilizing components with 
relatively hi^ intei&cial tension and/or primarily duee-dimensional diaotic 
mixing, the film layers can begin breaking up after less fiber refinanent due to 
the relatively complex film shapes (e.g., twisted and folded) formed. 

In general, a fiber morphology formed in accordance with Ae present 

20 invention can have a variety of different characterisdcs, depending on the detent 
and type ofdbiaotic mixing utilized. For example, the resulting fibers can have 
variouslengthsordiametersandcan vary in number throughout the blend. In 
feet, as described above, various chaotic mixing parametois can be selectively 
controlled to promote the presence of fibers. For instance, in some 

25 embodiments, primarily three-dimensional chaotic mixiii^ may be utilized to 
form a blend having a greater abundance of fibers. In particular, because tfare&- 
dimensional chaotic mixing can cause films to form more complex dbi£q;)es, a 
film morphology can be more easily fragmented into fibers. 

Although the fiber morphologies may be formed to have various 

30 characteristics, it has been discovered that certain novel and unique fiber 
morphologies can be formed utilizing chaotic mixing in accordance with the 
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present invention. For instance, as described above, multilay^ films can be 
fonned to have remaricably small thicknesses (e.g., less than about 200 
nanometers). Moreover, fibers formed fix)m mnltilayered fihns generally have a 
diameter that is proximately equal to or some\^^ larger than the thidcness of 
5 the fihn layer fiomv\*ich it is formed. As sudi, it has been discova:ed that 
fibers havmg remarkably small diameters can be formed in accordance with tiie 
present inventioiL For instance, in some embodiments, the fibeis can have 
diameters less than about 200 nanometers, particularly less than about 100 
nanometers, and more particularly less than about 50 nanometers. Further, 

1 0 because the fibers can be formed fit>m fihns diat are relatively extensive in size, 
as described above, fibers of inoeased Iragfh and abundance can be formed. 

In addition to having remarkably small diameters, fiber morphologies 
formed according to the preset invention can also be formed to possess otiber 
unique and novel attributes. For instance, in some embodiments ^iioi 

15 components are partially or completely muniscible, a melt with an initially 
disorient molecular configuration may become transformed to an oriented 
configuration as components become confined within fine-scale fibrils. In some 
instances, this orientation can enhance the degree of <aystallinity and <ay stalline 
morphology. Sudi chanced crystallinity can provided a number of benefits to 

20 the resulting morphology. F<m: example, in barrier structures, OTStalline regions 
are re^nsible for impeding diffiision of certain materials. Thus, an increased 
number of more physically expansive crystalline regions can provide enhanced 
barrier capabilities. Moreover, the crystalline regions of a structure can also 
alter the optical properties of tiie structure. 

25 Fiber morphologies can also be developed according to the present 

invmtion to have electrically conductive properties, hi particular, an electrically 
condiK^tive additive, such as carbon black particles, can be blended with a 
polymer, such as polystyrme, in a chaotic mixer. For instance, as shown in Fig. 
9, a carbon black^lys^rcne composite formed by chaotic mixing can be^ to 

30 abrupdy decrease in resistivity at concentrations of carbon blade less than about 
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1 wt%, while such a reduction in resistivity does not occur using conventional 
mixing until a carbon black concentration of approximately 3 wt%. 

The mixing process can be selectively controlled such that polymer 
fibers begin to form within the major phase component polymer, as described 
5 above. Moreover, various potymer combinations can also be utilized in 

combination with the conducting additive. For example, in one embodiment, 
the electrically conductive fibers can form fix>m component combinations for 
\\Aiich tihie conducting additive has an afiSnity for one of the components. Asa 
result, the carbon black particles can render the fibers electrically conducting 
10 and result in a conq)Osite that is electrically conducting and mechanically 
reinforced 

The formation of such fiber morphologies can provide beneficial 
properties to a variety of composite materials. For instance, small amounts of a 
ductile polymer, such as polyethylene, can be blmded with another polymer, 

IS such as polystyrene, for str^igth enhancement However, because the polym^ 
are immiscible, the mechanical properties resultii^ fix>m convrational nuxing 
are often unacceptable when blended using conventional techniques. In 
particular, conventional mixing of these polymers results in a droplet dispersion, 
particularly when polyethylene is present at smaU coiK^CTlrations. 

20 Unfortunately, this morphology is inappropriate vAisig t&afoxcement of a 
matrix is desired. Specifically, fiber-reinforced composite materials often 
require long, fine fibers and/or branched fibers to enable the fibers to be more 
resistant to separation fipom the matrix. 

In contrast to such convoitional fiber bloids, a fiber blend morphology 

25 formed according to the present invention can be formed with long, fine fibers 
or an intercoimected fibrous networic that can, m some embodiments, be useful 
as a reinforcing material. For exanq>le, in one embodiment, as shown in Fig. 
10, fibers having some interconnections formed fix)m low density polyethyloie 
(9% by volume) and polystyrene (91% by volume) using three-dimensional 

30 chaotic mixing without extrusioiL In this embodiment, fibrils having a diameter 
less than about 8 miorometers Qun) were formed 
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Besides the moiphologies desaibed above, droplet diq)ersion 
moiphologies, which typically constitute the final developmental stage of the 
mixing process, may also be formed if desired. In general, droplet dispersion 
morphologies formed in accordance with ftie present inveaitioii can have a 

5 variety of differait characteristics, dq)ending on tiw extent and type of chaotic 
mixing utilized. For example, the resulting disp«aons can have various 
diameters and can vary in numbaArou^outAe entire blaid. Infect, as 
desraibed above, various chaotic mixing parameters can be selectively 
controlled to achieve droplet disposion moriAologies having a desired trait 

10 For mstance, in some embodiments, polymers having rdatively high mterfecial 
tmsion can be blended to form droplets fliat are relatively large in diameter, hi 
some embodiments, a blend morphology having such large diameter droplets 
can be effectively extended withm a die to produce extrusions having mtemal 
fibers. 

15 Allhoi^ the dn^letmorpholc^es may be formed to have various 

characteristics, it has been discovered that certam novel and unique droplet 
morphologies can be formed utilizing chaotic mixing in accordance with the 
present invention. For instance, as described above, multilayered fihns can be 
formed to have remaricably small thicknesses (eg., less than about 200 

20 nanometers). Moreover, fibers can be formed fiom such muWlqrered fihns to 
have diameters that are also remaricably smaU. As these fibers continue to be 
chaoticaUy mixed, they eventually break up into droplets. These droplets can 
also have a diameter that is approximately equal to the diameter fix>m the fibers 
fiom which they are formed. As such, it has been discovered that droplets 

25 having remarkably small diameters can be formed in accordance with the 
present invention. For instance, in some embodiments, the droplets can have 
diameters less fbaa about 200 nanometers, particularly less than about 100 
nanometers, and more particulariy less than about 50 nanometers, hi some 
instances, these droplets may be aUowed to agglomerate through fiirther mixing 

30 to produce a droplet dispersions havmg different diaracteristics. 
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Dioplet dispersions having sudi remarkably small diameteirs can be 
beneficially used in a wide variety of ^plications. For instance, in one 
embodiment, a rubber component, such as synthetic or natural rubbers, can be 
blended with a polymer in accordance with tibe present invention. The 
5 components can be chaotically mixed until the rubber componmt breaks down 
into droplets, as described above. When present, rubber materials can enhance 
the impact absorption capabilities of the resulting polymeric structure. 
Moreover, as stated above, in some embodiments, the rubber component can be 
formed into droplets having remarkably small diameters (e.g., less than about 

10 200 nanometers). In such instances, the small droplets can fiirifaer enhance the 
impact absorption cq)abilities of the resulting polymeric structure. 

Although various blend morphologies have been described above, it 
should be understood that the chaotic mbdng process can be controUed to 
selectively produce other forms and variations of morphologies not specificaUy 

15 described herem. In addition, it should also be understood that, in most 

embodiments, more than one morphology will be preset in the blend at any 
given time. For instance, films, fibers, and droplets can all be present within a 
meh during progressive morphology development Refierring to Fig. 1 1, for 
example, the relative morphology abundance jfor a two-component melt with a 

20 minor compor^nt concOTtration less than about ten percent by volume can be 
varied. Initially, the melt streains are stretdied and folded into sheets, and 
eventually into fihns. The finest fihns fiagment into fibers with diameters 
approximatmg the fihn thicknesses. The fiber abundance increases as the sheets 
are converted to fliin fihns, v^Mchund^ofiagmentation. Fib^ break up by 

25 c^illaiy instabilities and give rise to droplets with diameters somewhat larger 
and smaller than the parent fibar diamet^. If morphology developmmt is 
pOTnitted to proceed for long periods of time, a droplet dispersion is finally 
obtained. 

Further, once a particular blend morphology is formed in accordance 
3 0 with the present invention, it may be subjected to further processing if desired. 
For example, the bl^d morpholo^es can be subjected to additional processmg 
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Steps such as fiber spinning, injection molding, stretching, fihn e)ctrusion, 
solidification, etc. I>uring these post-mixing steps, further refinement 
orientation, breakiq), etc., may be achieved to impart certain properties to the 
resulting structure. For example, in some instances, fihns or mt^rpenetrating 
5 blends formed in acccwdance with the present mveaition can be fiirther extruded 
to form fibers. 

EXAMPLE 1 

The ability to selectively control a chaotic mixing process to form and 
10 extrude a multilayea^d film was draionstrated. A continuous flow chaotic 
mixer, such as shown in Fig. 2, was initially iMOvided, Themixerhada 
diameter of5.3 centimeters and a length of 75 centimeters. The mixer also 
contained two cylindrical stirring rods, such as described above, each having a 
diameter of 1. 91 centuneters and a la^ of 75 centimeters. Eadirodwas 
1 5 offeet by 1 . 5 centimeters firom the central axis of the c^drical mixer. 

Two polym^ components were also provided. In particular, a etlqrlene- 
jropylene^ene monomer temaiy co-polymer (EPDM) (Nordel IP NDR 3720P) 
and isotactic polypropylene (PP) (Montel PH723) were utilized. The viscosity 
ratio (viscosity of EPDM / viscosity of PP) was determmed using a cone-and- 
20 plate Aeometer to be about 11 at a temperature of 235**C. The polymers wcrc 
supplied m amounts such that tiie EPDM polymer made about 20% by 
volume of the blend and the polypropylene polymer made up about 80% by 

volume of die blend. 

The polymers were then siqpplied to conventional extruda:s. In 

25 particular, the EPDM polymer was sijpplied to a 2.54-centimeter single sa?ew 
extruder and tiie polypropylme polymer was supplied via sq)arate metering 
pumps to a 3.1 8-cmtnneter single screw extruder. After passing through tiie 
extruders, the polymers were sqiplied to die chaotic mixer. TheEPDM 
polymer was supplied to the mixer via a single port having a diameter of 0.95 

30 centimeters and the polypropylene polymer vm siqpplied to Ae mfaccar via sfac 
ports having diameters of 0.51 centimeters. 



